Diversity of the primary groups of contemporary Indo-West Pacific coral reef organisms, including mantis shrimps (stomatopod crustaceans), peaks in the Indo-Australian Archipelago (IAA), reaches a lower peak in East Africa and Madagascar [Indian Ocean continental (IOC)], and declines in the central Indian Ocean (IO) and Central Pacific (CP). Percent endemism in stomatopods (highest in the IAA, high in the IOC, lower in regions adjacent to centers, and moderate in the CP) correlates positively with species diversity (this varies with scale) and inversely with species body size. Because it constrains reproductive traits and dispersal, body size is a reliable indicator of speciation and extinction potential in reef stomatopods and probably most marine organisms. Assemblages are dominated by small-sized species in the IAA and IOC. Both speciation and extinction likely are high, resulting in especially high endemism (small ranges reflect both originating and disappearing species) in these regions. Rates of speciation exceed extinction, yielding centers of diversity (especially in the IAA). Dispersal slows speciation and extinction in areas adjacent to these centers. Body size declines toward the CP, especially in atoll environments. Here the wheels of speciation and extinction again spin rapidly but in the opposite direction (extinction > speciation), yielding low diversity and moderate endemism. We conclude that life histories, dispersal, and speciation/extinction dynamics are primary agents that mold patterns of diversity and endemism. Historical factors, currents, productivity, and species diversity itself (through ecological interactions) also influence these patterns, in some cases by altering body size.
. Dorsal view of typically sized reef stomatopods (large Gonodactylaceus falcatus, small Gonodactylellus incipiens; scale bar for both is 10.0 mm), lateral view of raptorial claw, and photograph of individual delivering a threatening display at the entrance of its burrow (Gonodactylaceus ternatensis, courtesy of Roy Caldwell) . Drawing of the raptorial claw shows the merus (m), meral spot (ms, varies in color from white through yellow, orange, red, pink, purple, and blue among species), propodus (p), and dactyl (d); p and d normally are folded against m but are opened (arrow) either together as a hammer or with d projected as a spear. The photograph shows species-specific coloration of the flared antennal scales (blue) and setae (red) and spread raptorial claws of the display (yellow ms surrounded by white ring).
isms to suggest mechanisms that, in combination with environmental factors, can explain the observed patterns of IWP coral reef diversity and endemism.
We will focus on reef-dwelling mantis shrimps as a model taxonomic group for such analyses because these crustaceans are important members of the benthic community. All stomatopods are predators with a pair of enlarged, equally sized raptorial claws that are used to smash and spear prey, competitors, and predators ( Fig. 1) . Protective holes in the substrate are a limiting resource because of strong fish predation; stomatopods exhibit colorful communicatory displays and intense territorial fighting to maintain exclusive ownership of these holes (11, 12) .
Patterns of Coral Reef Diversity
Species diversity for several marine taxa (fishes, corals, lobsters, and snails) reaches a global maximum in the ''East Indies triangle'' (Malaysia, Indonesia, New Guinea, and the Philippines) of the Indo-Australian Archipelago (IAA), declines in the IO (with heightened diversity in some parts of the western IO for many taxa), declines eastward across the Central Pacific (CP), and peaks again in the Caribbean (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . The first diversity contour map for reef stomatopods (Fig. 2) shows a similar pattern, with a high, sharp peak in the central IAA and an area of elevated diversity in the northwestern IO that increases southward to a secondary peak around Madagascar. Similar to most other taxa where contours of diversity are known, tails of diversity extend from the IAA toward the southeast and northeast.
Explanations of IWP Diversity Gradients
After considering all explanations for patterns of IWP reef biodiversity, we identify here only those that are most applicable to the present study.
Faunal Carryover Hypothesis. Species from a Mesozoic/early Cenozoic center of diversity in Europe migrated east to the IAA and probably south along the continental margin of the Indian Ocean (IOC) as the Tethys Seaway was closed by the collision of Africa with Eurasia between the Paleocene and Miocene (17) (18) (19) . High stomatopod diversity in the IAA and in the western/ southwestern IO (Fig. 2) is consistent with this hypothesis. Among reef areas, phytoplankton pigments are particularly abundant (0.3-0.4 mg/m 3 ) off the Arabian Peninsula and west coast of India/Sri Lanka, around the Malay Peninsula/Indonesia, and around New Guinea/northern Australia. Pigment concentrations decline to 0.15 mg/m 3 in a relatively narrow band oceanward from the above areas; immediately offshore from the continental margin of western Australia, eastern Africa, Madagascar; and in an equatorial band extending westward from the central East Pacific. Still further offshore, phytoplankton pigments decline (0.05 mg/m 3 ) until they reach the very low levels characteristic of the centers of the northern and southern gyres of the Indian and Pacific Oceans (Ͻ0.05 mg/m 3 , smallest oceanic circles). We drew black lines for each of these contours by eye from map coloration. Numbers represent species present in each contour. Arrows indicate major currents. All species of Alainosquillidae, Gonodactylidae, Odtontodactylidae, Protosquillidae, and Takuidae are included; Pseudosquillidae occur on reefs but are excluded from analysis because their reproductive, larval, and life history patterns differ from those of other reef-dwelling families (27) (28) (29) . Data are from our own collections, National Museum of Natural History collections, and published literature [updated to currently accepted taxonomy (30, 31) ].
Center of Accumulation Hypothesis. Species originate in small peripheral populations, larvae from peripheral regions are carried by currents into central areas favorable for reef growth (arrows in Fig. 2 ), and species accumulate in these current-fed regions over time (15, (32) (33) (34) . Peaks of stomatopod diversity in the IAA and western IO are consistent with this hypothesis, but Barber and Bellwood (35) and the present study find speciation and endemism in both peripheral regions and diversity centers.
Energy/Productivity Hypothesis. Higher productivity-the rate at which energy flows through an ecosystem-allows an ecosystem to support more species (although diversity often declines at very high levels of productivity) (36) . Similarly, increased temperature accelerates speciation (37, 38) , but Bellwood et al. (26) find no relationship between sea surface temperature and diversity of reef corals and fishes. Phytoplankton abundance has not been compared previously with contours of reef diversity. The general pattern of stomatopod diversity correlates fairly well with phytoplankton productivity (Figs. 2 and 3 ). We later infer that phytoplankton productivity affects body size and extinction/ speciation dynamics of stomatopods on high (volcanic peaks with extensive terrestrial area and soil) vs. low (carbonate atolls with little elevation or nutrient runoff) mid-Pacific islands. The fact that terrestrial runoff elevates productivity around high vs. low Pacific islands, enhancing the survival of phytoplankton-feeding starfish larvae and fostering Crown of Thorns starfish population explosions (39) (40) (41) , suggests that productivity can have important effects on larval recruitment, local reef populations, and hence reef biodiversity.
Center of Origin Hypothesis. ''Successful'' lineages originate in the East Indies; species subsequently migrate into peripheral regions, where they remain as relicts; gaps in species distributions suggest high extinction as well as origination in the East Indies (15) (16) (17) (18) (19) 42) . Although much evidence supports this hypothesis, species of reef fish are not consistently young in the IAA and old in peripheral regions (35) , and the present study suggests that, in reef stomatopods, both speciation and extinction are high in peripheral areas as well as in the IAA.
Species Diversity Hypothesis. High species diversity itself may promote diversification (ref. 43 , but see ref. 44 ), probably through species interactions. Speciation rates in three groups of fossil plankton over 2-20 my correlate with species diversity independent of sampling intensity and area (38) . In the present study, species interactions in diverse assemblages may cause shifts in body size and consequent changes in life history patterns and speciation/extinction patterns. Life History Speciation/Extinction Hypothesis. We will suggest that the biotic and environmental processes that govern body size and life history traits drive rates of speciation/extinction and thus patterns of diversity in IWP stomatopods and other reef organisms.
Endemism and Hotspots
Endemism has been of particular interest as an indicator of extinction. The concept of biodiversity hotspots-concentrations of endemic species that are at exceptional risk-was motivated by the need to establish conservation priorities (45) (46) (47) (48) . However, some authors have argued that high overall diversity or phylogenetically unique taxa or habitats deserve priority attention, and others have shown that centers of endemism do not always coincide among taxa or with degree of threat (49) (50) (51) (52) . For some of the same reasons, hotspots on global coral reefs have been controversial (22, 23, 53, 54) . Here we examine patterns of endemism in the context of both speciation and extinction, because limited ranges occur during both processes. Conservation of areas rich in endemics is important not only because they are at particular risk of species loss but also because they represent potential sources of diversification. Endemism in reef stomatopods varies with scale. When stomatopods are known from only a single locality, these ''local endemics'' are widely scattered (Fig. 4) , with no significant relationship between number of endemics and number of species found at each local site (x 2 ϭ 12.72, df ϭ 20, P Ͼ 0.05). Average endemism for the 21 local sites is 10.5 Ϯ 2.6% (SE).
''Restricted regional endemics''-those known from local sites, archipelagos, and parts of regions-are widespread but reach their highest incidences (Ͼ15%) in the Malay Peninsula/ Indonesia/Philippines, Red Sea, Mascarene Islands, Madagascar/ Comores Islands, Society Islands, and Hawaiian Islands [see supporting information (SI) Fig. S1 ]. However, the distribution of restricted regional endemics does not differ from those expected when the diversities of their subregional stomatopod faunas are considered (x 2 ϭ 25.13, df ϭ 23, P Ͼ 0.05). Endemism across the 24 subregions averages 14.5 Ϯ 2.1%.
To examine patterns of endemism at a larger scale, the IWP was divided into major ''regions'' of continental and oceanic habitat types. At this scale, percent endemism (squares) is significantly concentrated in the IAA and drops in the adjacent oceanic regions but then rises toward the west in the IOC and, to a lesser extent, toward the east in the West Central Pacific and especially the CP (x 2 ϭ 26.23 using raw numbers of endemics/ nonendemics, df ϭ 5, P Ͻ 0.001; Fig. 5 ). Average endemism among the six regions is 20.2 Ϯ 6.1%.
The percent regional endemism increases significantly with regional species richness ( Fig. 6 ; r 2 ϭ 0.74, P ϭ 0.03, F ϭ 11.41, y ϭ 0.08x ϩ 1.61, square-root-transformed data).
The percent regional endemism is inversely related to body size among regions, decreasing with increased median body size ( Fig. 6 ; r 2 ϭ 0.65, P ϭ 0.05, F ϭ 7.53, y ϭ 0.10x ϩ 8.16, square-root-transformed data) and increasing with percentage of species in each region that are Ͻ40 mm in body size (r 2 ϭ 0.68, P ϭ 0.04, F ϭ 8.39, y ϭ 0.08x Ϫ 0.15, square-root-transformed data).
Species are concentrated in small body size classes in the IAA and IOC, although the range of body sizes is large in these regions. Typical body sizes are larger in the oceanic regions adjacent to the IAA and IOC but decline (with an absence of large sized species) toward the CP (Fig. 5 ; number of species Ͼ40 mm and Ͻ40 mm for all regions, x 2 ϭ 11.07, df ϭ 5, P ϭ 0.02). Hypothesizing that productivity influences body sizes and life histories of reef stomatopods, we further categorized the species in the six regions according to whether they inhabited productive or unproductive environments. Because of terrestrial runoff, continental regions and high islands are expected to have higher nearshore productivity than low oceanic islands. Analysis of maximal species' body sizes on continental and high vs. low island environments shows, as above, that endemism is consistently associated with small body size (F ϭ 39.27, df ϭ 157, P Ͻ 0.001, type 3 ANOVA tests of fixed effects for regional endemism, terrain height, and region, log-transformed data; analysis using species median body size yields the same result). Terrain height is not consistently related to body size across all six regions, probably because of the large species scattered throughout the IOC, IO, and IAA (type 3 ANOVA of fixed effects as above, P Ͼ 0.05; for number of species Ͼ40 mm and Ͻ40 mm on continental/high vs. low islands across the region, x 2 ϭ 15.3, df ϭ 9, P ϭ 0.08). However, a previous study of reef stomatopods showed that body size of individual populations within each of four species complexes of reef stomatopods declines significantly from the IAA toward the CP and that populations on high islands reach significantly larger body sizes than those inhabiting atolls in these regions (55) . Guided by the previous study, we analyzed maximal and median body sizes of species assemblages from high vs. low islands from the West Central Pacific and CP. High islands support species of significantly larger body size than low islands in these regions (F ϭ 4.79, df ϭ 40, P ϭ 0.03; type 3 ANOVA of fixed effects for region, island height, and regional endemism, log-transformed data; analysis of median body size of species yields a similar result).
Number of endemics and nonendemics on high vs. low islands did not vary significantly across regions (P Ͼ 0.05), so all regions were combined. Significantly fewer endemics occur on low than high islands (x 2 ϭ 19.16, df ϭ 1, P Ͻ 0.001; Fig. 7 ).
Life History Patterns of Reef Stomatopods
We propose that the ecological and environmental factors that govern body size and life history traits drive patterns of diversity and endemism in reef organisms. Large body size in reef stomatopods is significantly correlated with massive reproductive output (more and larger eggs; Fig. 8 ; see also Fig. S2 ), greater planktonic larval dispersal, larger geographic ranges, and greater saturation of available reef habitat within ranges (Fig. 9) , whereas small body size correlates with restricted reproductive capacity, restricted larval dispersal, and relative rarity (low abundance, few sites, small geographic ranges) (11, (27) (28) (29) 56 ). This correlation occurs because small body size constrains reproductive traits in marine organisms. Small-bodied species cannot produce enough small plankton-feeding larvae to leave one surviving offspring given the high mortality rate suffered by these long-lived larvae. Small species must endow fewer, larger larvae with yolk supply, often brooding them before a relatively brief planktonic period, to increase survivorship. The body volume of larger species allows them to produce sufficient numbers of small larvae that feed in the plankton for long periods that some offspring survive despite heavy mortality (57, 58) . Size frequency distributions for both body size (Fig. 10 ) and geographic range (Fig. 11) are strongly shifted toward diminutive sizes (particularly in endemic species) and restricted distributions in reef stomatopods. The latter indicates that most reef stomatopods risk extinction if faced with rapid global environmental changes.
Life history patterns of stomatopods are consistent with those found in other living and fossil groups for reproductive and life history traits, patterns of abundance, and frequency distributions of body size and geographic range. Body size is positively correlated with fecundity and colonizing ability in most marine invertebrates (27, 28, 56, (58) (59) (60) (61) (62) (63) (64) (65) (66) . Stomatopods share the following characteristics with taxa in both marine and terrestrial environments. 
Speciation and Extinction
Factors that influence the relative rates of speciation vs. extinction control the geography of species diversity and endemism. This section will review briefly some of the factors thought to determine rates of extinction and speciation in marine and other organisms, and Discussion will apply these generalities to the 2 0 -2 9 . 9 9 4 0 -4 9 . 9 9 6 0 -6 9 . 9 9 8 0 -8 9 . 9 9 1 0 0 -1 0 9 . 9 9 1 2 0 -1 2 9 . 9 9 1 4 0 -1 4 9 . 9 9 1 6 0 -1 6 9 . 9 9
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All species Endemics Nonendemics Fig. 10 . Size frequency distributions of maximal body sizes for total species, regional endemics, and nonendemic species of reef stomatopods. Endemics are significantly smaller than nonendemics (t ϭ 6.40, df ϭ 146, P Ͻ 0.001; two-sample t test assuming unequal variance). Analysis of median body size for each species gives a similar graphical and statistical result. patterns of diversity and endemism observed in IWP reef stomatopods.
Species or genera that are widespread, abundant, and dispersive resist extinction in both marine and terrestrial environments and both fossil and contemporary lineages (60, 66, 72, 73, (78) (79) (80) . In addition to geographic range, which is sufficient on its own to explain species survival (81), the presence of long-lived larvae and species richness of the clade confer resistance to background extinction in fossil marine bivalves (78, 80) . Broad distribution of the clade confers protection against mass extinction (78, 80, 82, 83) . In addition, latitudinal distribution affects extinction, with the tropics-especially reef faunas-being subject to repeated upheaval, particularly during mass extinctions (80, 84, 85) .
In stomatopods, evidence of extinction is derived from conspicuous gaps in regional distributions. For example, when a lineage occurs in the IWP, East Atlantic, and East Pacific but is absent from the West Atlantic, the most parsimonious explanation, given what is known about Cenozoic extinctions in the Americas (86) (87) (88) (89) , is that it became extinct in the West Atlantic. Such ''apparent extinctions'' are significantly elevated in lineages with restricted dispersal and small ranges as well as those from coral reefs and tropical latitudes (29) . Although adult body size is not significantly associated with such gaps, small body size correlates significantly with reduced larval dispersal and small geographic ranges and can be used as an indicator of extinction risk (28, 29) .
Speciation also is related to life history characteristics and geographic range size. Although the relationship between geographic range size and speciation has been debated (36, 75, 76, 82, 90) , range size is positively related to dispersal ability and gene flow in many marine and terrestrial taxa (12, 28, 29, 59, 66, 91) , and these factors tend to dampen rates of speciation (66, 72, 92) . Paleontological approaches allow measurement of both speciation rates and geographic range sizes over time. Range size is significantly inversely related to speciation rates in fossil gastropods and brachiopods (66, 82, 85, 93) .
Because it constrains reproductive traits and geographic range, body size can be used as an indicator of speciation rate. Evidence that small-bodied species are engines of diversification comes from studies of morphological and taxonomic divergence of stomatopod lineages across biogeographic barriers (12, 29) . Large-bodied lineages and those with long-lived larvae remain conspecific (morphologically indistinguishable) or closely related (cognate species) when separated by a barrier (e.g., the Central American isthmus) significantly more frequently than small-bodied species with abbreviated larval development. Conversely, the percentage of endemic species without cognates elsewhere and the percentage of species within locally radiating clusters of species (more closely related to each other than to any species outside the region) are significantly elevated in lineages of small body size, of limited larval dispersal, and from reefs.
Recent molecular studies, including those on gastropods and small-bodied stomatopods, show that incipient or full speciation is more common in reef fauna than previously thought (24, (94) (95) (96) (97) . In addition to the fact that most benthic reef species are small in body size (97-99) with restricted or moderate colonizing ability, the behavior of reef larvae further reduces dispersal. Stomatopod larvae (and those of most other reef taxa) exhibit diurnal vertical migrations, hiding in reef rubble by day and migrating into the water column at dusk and dawn (100), which reduces exposure to currents. Although Panda clownfish have a 9-to 12-day pelagic phase, one-third of marked juveniles settle within their natal area, many within 100 m of their birth site (101) .
Discussion
Using body size as an indicator of speciation and extinction rates, we infer that the IAA, and to a lesser extent the IOC, are areas of both high origination and high extinction in reef stomatopods. However, rates of origination must exceed those of extinction in these areas, yielding the high biodiversity observed. Endemism results from either newly originated or almost extinct species and thus is expected to be especially high if both speciation and extinction are elevated, as is observed. Although species are concentrated in small size classes in the IAA and IOC, the range of body sizes is large in these areas (see Fig. S3 ). Historical factors (faunal carryover from the Tethyan Seaway), productivity in the continental areas, currents, and species diversity itself (via ecological interactions between species) likely have contributed to the species richness and range of body sizes in the IOC and IAA. The dispersal and colonizing capability of large-sized species in these areas allows them to disproportionally colonize adjacent oceanic regions, where extensive larval immigration lowers extinction and retards speciation, yielding moderately diverse, somewhat larger-sized assemblages with low endemism.
In the center of the IO and in the broader expanse of the Pacific, however, larval immigrants have been filtered by starvation, predation, and distance. Given enough time, it is likely that larvae from diversity centers reach mid-ocean islands. However, both diversity and adult body size of reef stomatopods decline in the mid-Pacific, and body size is smaller on mid-Pacific atolls than on high islands, suggesting that productivity of the island environment, as well as propagule pressure, influences successful colonization. Dwarfed by limited productivity, populations cannot produce sufficient propagules to reach another island archipelago and are unlikely to receive many immigrants from ancestral populations to the west. They diverge into new species; endemism increases toward the CP. However, extinction also must be exceedingly high in these small-sized peripheral species. Endemics are missing from atolls, probably reflecting the difficulty of establishing successful populations in these low-productivity environments that are heavily dominated by top predators (M.L.R., personal observation). We have observed one instance of population extinction in a small-sized reef stomatopod from a mid-Pacific atoll (102) . Consequently, the wheels of speciation and extinction turn rapidly, but in reverse direction. If species arrive, speciation is high but extinction even higher; thus, diversity is low in remote oceanic regions of the IO and CP. Although the available evidence from life histories, geographic ranges, and extinction/speciation in stomatopods and other organisms supports this interpretation, molecular evidence on ages of species also is needed.
We conclude that life history patterns and dispersal are the primary mediators of the rate and direction of the speciation/ extinction cycle, which in turn determines the geography of diversity and endemism. However, productivity, historical factors (antecedent faunas), and currents likely influence diversity in particular localities. In addition, productivity, historical factors (lineage history), and species diversity itself (through ecological interactions) alter body size and thus influence life history and dispersal. 
